Energy balance climatology emerged from the 19th century thermodynamics and radiation research. Energy balance consideration offered an attractive intellectual ground to apply the conservation principle to a natural process. The climate system was often compared to the processes in a steam engine. Research into this field started with insufficient theory of radiation and turbulence, primitive instruments, and limited observational data. In the course of the last 150 years, energy balance climatology gradually gathered advanced theories, continuously improved instruments, newly acquired observation platforms, such as space, and high performance computational capability. In the present article, the processes of climate formation are examined by going back to the principle of energy conservation. Further, the development of this branch of science is presented in five stages characterized by similar stages of theoretical and technical progress. This review visits important steps in the course of these developments and examines their value in reaching the present stage of knowledge. Although the achievements of the last 150 years are impressive, the present understanding of energy balance is far from sufficient. The main problem stems from the fact that the scientific community has not fully used the outcome of laboratory experiments and precision field observations. As high-quality observations are presently being made throughout the entire world, a new and improved knowledge of energy balance will become available in the near future.
Introduction
Energy balance climatology is based on the conservation principle and focuses on the energy transfer processes between climatic subsystems and regions. The major processes are transport and transformation of radiative energy and enthalpy. The energy balance consideration enables one to grasp the main characteristics of the climate, such as temperature, based on relatively simple theories. It offers the possibility to accurately obtain temperature and the meridional total energy transport to which general circulation models (GCMs) can be calibrated. The energy flow and transformation processes also make up a major part of GCMs. On the regional scale, the energy balance is the basis for understanding temperature differences, such as those between continental and maritime regions, and between urban and rural areas. In applied branches, the energy balance offers theoretical grounds for calculating evaporation and glacier mass balance. Further, the possibility of building a simple model based on physics offers a useful educational tool at the graduate level.
Energy balance climatology was conceived in the wake of the 19th century progress in thermodynamics and radiation research that became condensed in the energy conservation principle. As Heinrich Hertz's manuscript indicates (Mulligan and Hertz 1997) , it was a great scientific challenge to see how the conservation principle applied to the earth. The atmosphere and ocean were often compared to steam engines for which the best efficiency was sought (Pouillet 1838 ). The present review aims to consider the basic theories, to trace important past developments, and to examine the quality of the present knowledge. Such a retrospective survey will help to identify the future direction of this branch of science.
Theory

General form of energy conservation
Primary energy enters the atmosphere/surface system from the sun at the upper boundary of the atmosphere. Upon absorption, it is converted into enthalpy: a part is transformed into latent heat of vaporization, a part will stay as enthalpy, and the remainder will be emitted in the form of radiation. The enthalpy and latent heat in the atmosphere will support the circulation and the hydrological cycle. Finally, the atmosphere/surface emits radiation back to space in the same amount as it was absorbed. One may formulate the enthalpy in a moving medium in the following manner:
where H is specific enthalpy, t is time, c p is specific heat at constant pressure, T is temperature, and  V is wind. The increase or decrease in enthalpy will be caused in the atmosphere by two energy sources or sinks, divergence of irradiance and condensation or evaporation of water. For a unit volume:
where ρ is density,  R is irradiance, L v is latent heat of condensation, and K is the rate of net condensation. Eqs. (1) and (2) 
The conservation of water vapor takes the following form:
where s is specific humidity. Substitution of K in Eq. (2) 
Eq. (5) is the most general equation describing the relationship among radiation, enthalpy, and latent heat. This relationship applies to any part of the atmosphere.
Reynolds' split to Eq. (5) gives the following relationship: 
The horizontal bar denotes a time-average, while ' denotes a deviation. Depending on the length of the time for the average, the covariance term ranges from small-scale turbulence to synoptic scale disturbances. Note that density, ρ is not placed outside the averaging operator as ρ , because ρ is correlated with T, s, and  V .
Earth's surface
The energy flow near the earth's surface is considered. The earth's surface considered in this section is not an infinitesimal plane, but a layer with a measurable thickness at the bottom of the atmosphere, in which major energy transformations happen. Budyko and his school called this layer an active layer (Budyko 1956 ). An active layer is very thin over a smooth surface, such as bare soil. It becomes several centimeters thick in short grass, and can be several decameters thick over a forest or a city. On a semi-transparent surface, such as snow cover, ice, and water, the layer below the surface must be considered down to the depth where the absorption of solar radiation is no longer important. We apply Eq. (6) to such a layer whose upper and lower bounds are specified by subscripts u and l, respectively. The terms of divergence of mean flow will be neglected, as the divergence of the horizontal components in a thin layer is very small. Also, the divergence of the horizontal eddy is equally small. Further, the mean vertical component of wind vanishes near or at the lower bound. Then, we obtain the following:
Remembering that 
z l is taken deep enough where the fluxes are small, and among these small terms at the lower boundary, the following relationship must hold:
where C is the conductive heat flux on the land, but includes turbulent heat conduction in the water body. Eqs. (10) 
Eq. (12) is the original form of the equation of energy conservation for the earth's surface. The sign of the flux terms in Eq. (12) is positive in the direction of the axes in the Cartesian coordinate. However, in micrometeorology, the convention is to take the sign of the energy flow directed to the surface as positive. We follow this custom and transform Eq. (12) in the following manner, after abbreviating subscripts: 
where m is the rate of the melt in the active layer. This expression has a significant advantage over the conventional formulations that are reproduced below for the sake of comparison: 
R H L E C m Peixoto and Oort or R H L E C m Sellers
Storage terms are grouped into one expressed as m. The storage term is usually very small, even for an optically thick layer such as a forest. The melt of snow and ice represents the majority of the storage term. The latent heat of melt is not a flux, but the rate of the storage term is mathematically illustrated by Hantel (1993) . Irradiance R is explicitly represented for each independent component in Eq. (13): S is global solar irradiance; a is surface albedo; and Lī s incoming terrestrial irradiance. The outgoing terrestrial irradiance is written after Stefan-Boltzmann, and no blackbody assumption is used. There is no assumption regarding the emissivity ε in this formulation. When the emission is εσT 4 , there is always reflection of incoming terrestrial irradiance by 1− ( ) ↓ ε L directed upward. The sum of these two irradiances comes so close to the blackbody emission that the apparent emissivity of unity is justified, regardless of the actual emissivity of the surface.
This formulation in Eq. (13), unlike the frequently used bookkeeping expressions for the earth's surface (Eq. 14), means more than mere energy conservation. The two terms on the right hand side are totally passive, and determined entirely by the terms on the left hand side. The first term on the right, the outgoing terrestrial irradiance, is the conversion rate of thermal energy in the active layer. It is determined by terms on the left hand side, and as such is totally passive. It cannot change on its own. The second term on the right, the rate of melt (or freeze), is the rate of the storage change and consequently totally passive, as was already expressed in Eq. (3). Therefore, Eq. (13) indicates the direction in which the process of the energy exchange occurs. This is also how the temperature (T in σT 4 ) is determined at the earth's surface, as a consequence of the energy exchanges. Given the exchange situation expressed on the left hand side, Eq. (13) gives a unique solution for the temperature and the melt, despite the coexistence of two unknowns. The two terms on the right hand side are never simultaneously variables. When one is a variable, the other is a constant. At the subfreezing temperature, T can be a variable, but m is zero, a constant. When the melt is taking place, and m is variable, then T is constant at 273.15 K. Eq. (13) should be used wherever possible, when the energy sources for the temperature formation or the melting are required. Conventional formulations like Eq. (14) are nevertheless useful to examine if terms might contain a gross error in evaluating the energy balance. However, Eq. (13) offers the direction and magnitude of the change, and it is more than mere bookkeeping.
Meridional energy flow in the atmosphere/
surface system One of the most important processes in the climate system is the energy flow from lower to higher latitudes. This flow takes place in the atmosphere and the ocean. The energy assumes the forms of internal, potential, kinetic, and latent heat of water. Representative studies done with profile data include Oort (1971) , Oort and Peixoto (1983) , Hsiung (1985) , and Carissimo et al. (1985) , but the accuracy is uncertain. Recently, calculation of each component and the mode of transport have become easier owing to the availability of re-analyses. However, the total energy transported can be accurately calculated with the TOA radiation balance, for which satellite radiometry has made an important contribution. The principle of this method can be summarized in the following manner. Using the first law of thermodynamics and the gas state equation, the enthalpy equation, Eq. (1) can be re-written in the following manner:
where c v is specific heat at constant volume, and P is pressure. The kinetic energy equation is
The substitution of Eq. (16) into Eq. (15) gives the transformation of enthalpy in dry atmosphere:
The first term on the right hand side is the local rate of enthalpy change and becomes smaller for a longer period, the second term: net advection of internal energy; the third: change in kinetic energy; the fourth: change in potential energy; the fifth: work done against external force, and mostly frictional dissipation. The second and fourth terms are numerically dominant. The combination of Eqs. (2), (4), and (17) gives the following energy conservation relationships in the atmosphere. Local changes are abbreviated, as a long period such as a month is considered:
Eq. (18) expresses the energy conservation principle in a unit volume. The first term is the net advection of internal energy; the second term, rate of the change in kinetic energy; the third term, rate of potential energy; fourth, frictional dissipation; fifth, net condensation (net advection of latent heat held by water vapor); and sixth, divergence of irradiance. The last two terms can be heat sources or sinks. The mean total energy averaged for the entire atmosphere according to Oort (1971) is 2,600 MJ m -2 , whereby internal energy accounts for 69 %, potential energy 28 %, and latent heat 3 %. The kinetic energy is 0.05 %. In fact, the ratio of internal energy to potential energy is about 2.5 and this is very close to the theoretically expected value of c v /R for ideal gas, 2.50, where R is the gas constant (Pauling 1988) . Eq.(18) and Oort's analysis show what types of energy should be computed to follow the energy distribution. However, one encounters quite a few articles and even text books that present the poleward energy fluxes in the forms of enthalpy and potential energy (e.g., Palmén and Newton 1969) . In fact, potential energy is an extract from enthalpy and this treatment results in the double counting of the energy flux by factor c p -c v . A correct treatment of this important subject has been done by only a few scientists, including Lorenz (1967) and Vonder Haar and Oort (1973) .
The direct calculation of the meridional energy flux is difficult and the accuracy is unknown owing to the nature of the data obtained at the limited number of radiosonde stations and oceanographic profile sites, which are inhomogeneously distributed. Energy balance climatology offers the most reliable method of calculating the total poleward energy flux. The energy conservation principle offers the following relationship for the ocean/atmosphere latitudinal wall of a unit width at latitude φ surrounding the pole: The integration of Eq. (19) from some latitude φ o where the poleward heat flux is known to an arbitrary latitude φ gives the total poleward energy flux at that latitude, 
Then, the left hand side becomes the difference of the total poleward energy fluxes crossing the wall of latitude at φ, F φ and φ 0 , F φ 0 . The best φ 0 is one of the poles on which the horizontal energy flow is zero. Therefore, the total poleward energy flux at latitude φ is, As the TOA net radiation R 0 can be obtained with high accuracy, the total poleward energy flux calculation has substantially improved since 1970s, as will be detailed in a later section. In Section 3, which comprises a major part in this article, the development of energy balance climatology will be presented with respect to theories, observational techniques, and modeling capacity.
Historical development
Cradle of an emerging science -An age of speculation up to 1890 [Pre-Cambrian of energy balance climatology]
This is the period that saw a gradual acquisition of theories and instruments. Thermodynamics, the science of radiation, and the principle of energy conservation, all of which developed through the second half of the 19th century, provided the basis for considering the energy flows through the earth's atmosphere and ocean. Some achievements were impressive, but the information was too fragmentary to close the conservation equation. Examples of important steps towards the global energy balance are presented below. Significant discoveries of theory and the development of observational technology are summarized in Table 1 .
Thermodynamics began in early 1760s with the discovery by Joseph Black of two basic concepts related to heat: latent heat and specific heat (Porter and Ogilvie 2000) . Heat conduction was mathematically formulated in 1820s (Fourier 1822 The most needed radiation laws for the energy balance calculation are Kirchhoff's radiation law (Kirchhoff 1862 ) and the empirically discovered Stefan's law (Stefan 1879) , which was later theoretically derived, and known as the Stefan-Boltzmann law of radiation (Boltzmann 1884) . These laws are the minimum knowledge necessary for obtaining energy fluxes in the climate system. The discovery of the law of energy conservation was credited to various scientists at various times. However, it was Hermann Helmholtz in Berlin who conceived energy conservation in its most complete form, and formulated it mathematically in the most versatile manner (Wolff 1997 (Mulligan and Hertz 1997; Hertz and Mulligan 1998) in 1885 deserves to be briefly introduced here. The present author interpreted and added values for the fluxes, which are presented in the first line in Table 2 . This manuscript contains probably the first quantitative interpretation of the energy balance of the climate system. It describes the flow of energy starting with the sun's rays at the outer-edge of the atmosphere, then traveling through thermodynamic processes in the atmosphere and ocean in various forms, and finally leaving the earth at the outer-edge of the atmosphere as radiation. The forms of energy in his work include radiation, internal energy, potential energy, kinetic energy, latent heat, chemical energy, and energy involved in biological processes. The consideration of the processes is modern, and some fluxes that according to him were "only rough estimates" are surprisingly realistic: planetary albedo of 0.36 and conversion rate of primary solar energy to kinetic energy of wind of 1.5 %. Table 2 presents noted works that were concerned with the global radiation balance in the following 130 years.
At about the same time, Hann (1883) was interpreting the climatic differences between the maritime and continental regions, and also between low land and high altitudes, based on energy balance consider- 1900 1900 1902 1905 1906 1908 1909 1913 1915 1916 1918 1920 1922 1923 1924 1925 1926 1927 1928 1930 1930 1932 1935 1936 1937 1942 1943 1946 1949 1949 1951 1951 1951 1952 1954 1954 1954 1956 1957 1959 1966 1981 Fröhlich (1991) The sources in bold types indicate the contributions for non-radiative components. ations. The difference he focused on was the radiative components between these contrasting environments.
In explaining the regional climatic contrasts, Hann discussed only the difference in solar radiation. Alexander I. Woiekof (also spelled as Voiekov) is credited for pointing out the need for energy balance considerations in the climate system. He also attempted an investigation of energy flows, starting with the sun, through the climate system in a rather detailed manner until the energy leaves the earth's atmospheric upper boundary in the form of terrestrial radiation back into space. This work was an attempt to understand the cause of the regional climatic differences that were known in a classification available at that time (Woeikof 1887; Budyko 1971 ). However, unlike Hertz's manuscript, there was no numerical evaluation of the energy fluxes.
As all these pioneers lamented, their works were written virtually lacking observations of energy fluxes, but in the belief that energy is conserved. The energy fluxes through the climate system at this time were constructed so that the radiative flux entering the climate system would be perfectly balanced by the flux leaving the system. Therefore, it is not surprising that all of them expressed a strong desire to know the major components in a more reliable manner. There are two ways to reach this goal; one is to develop suitable instruments and start observations. The second is to use or develop the necessary theories that would enable one to calculate the energy fluxes. An example for the former method is the determination of the Total Solar Irradiance (TSI), or the solar constant. This component is rather difficult to obtain only by computation. Conversely, it was possible to calculate the outgoing terrestrial radiation at the earth's surface using the Stefan-Boltzmann equation, as the global temperature distribution was quite well known by this time. Indeed, the last decade of the 19th century, and the first three decades of the 20th century witnessed a rapid and substantial development in theory and observation methods of radiation and non-radiative components, which are presented in Table 1 . The developments of the following 40 years are the theme of the next section.
Beginning of the energy balance study as
science [Palaeozoic of the energy balance climatology] The last decade of the 19th century saw the invention of an accurate pyrheliometer (a compensation pyrheliometer by Knut Ångström) and a pyranometer (Callendar pyranometer), and the first substantial surface energy balance measurement (Homén 1897) . Spectroscopy was advanced to the extent that important absorption bands of water vapor and carbon dioxide were investigated. The importance of carbon dioxide as a greenhouse gas became known (Rubens and Aschkinass 1898) . This period can truly be regarded as the start of scientifically founded energy balance studies, supported by instruments with reproducible scales and well-tested theories of radiation. Homén's experiment took place in the fall of 1896 at three sites of different surfaces in southern Finland, measuring all energy balance components except sensible heat flux that was attributed to the rest of the energy balance equation. Net radiation was directly measured by a compensation balance meter, and latent heat was determined by a weighing lysimeter. Although the scientific value of such an isolated campaign within the context of the global energy balance may be questioned, the enthusiasm found in this work inspired further experiments with direct observations of the surface energy balance in the following century. Eventually, by the end of the 20th century, energy balance measurements were being conducted at almost 1,600 sites covering all of the major climatic zones, and thus offering crucial data for evaluating the global energy balance (Kessler 1985; Ohmura and Gilgen 1991; Gilgen and Ohmura 1999) . Arrhenius (1896) tried to calculate the radiation balance between the atmosphere and the earth's surface, without having an accurate spectral source equation, absorption coefficients of gases, and the scheme of radiation transmission. Hence, the result of the calculation inevitably had significant errors. Although his objective was right, the time had not yet arrived for him to conduct an accurate calculation of terrestrial radiation and an evaluation of its effect on temperature.
The 20th century began with Max Planck's publication on blackbody emission that not only opened a new era in quantum physics but also unified all classical theories of radiation (Planck 1900 ). This work is also extremely important for energy balance climatology. The physical nature and the numerical value of the Stefan-Boltzmann constant were clarified. The paper also authenticated the exponent 4 of the Stefan-Boltzmann equation, which was still disputed. This work provided the most fundamental means for computing atmospheric and the earth's surface emission. The Planck equation is also necessary for designing radiometers. Consequently, radiometers were drastically improved, as can be seen in Table 1 . The acquisition of advanced pyrheliometers, pyranometers, and net-radiometers made it possible to obtain all five components of radiation that are necessary for investigating the radiative fluxes of the climate system: direct solar, diffuse solar or global solar, reflected solar, terrestrial incoming, and outgoing irradiances. However, the most important step was the establishment of the 1913 Smithsonian Pyrheliometric Scale that served as the standard radiometric scale for the following 40 years.
With the derivations of the Planck equation of the black body, the Schwarzschild equation (Schwarzschild 1906) for radiation transfer, and the determination of spectral absorption coefficients of gases (e.g., Rubens and Aschkinass 1898; von Bahr 1909 and 1910; Fowle 1917; Hettner 1918) , it became possible to calculate terrestrial atmospheric radiation. The first systematic calculation of terrestrial radiation based on the spectrometric absorptivity was made by Simpson (1928) . The radiation transfer was calculated with a box model, made of layers with the same optical depths. This method enjoyed quick acceptance, mainly because of the simplicity and the trust in the quality of spectrometry of water vapor and carbon dioxide. For the irradiance of earth's surface, the accuracy of the Simpson's method was comparable to that of modern commercial pyrgeometers, which is ± 10 Wm -2 (Stutz 1990 ), although he did not take ozone into account. Simpson calculated the TOA radiation balance every 10° in latitude, to obtain the required poleward total energy flux in the atmosphere and ocean. The peak of the northward heat flux appeared at 35° N with 3.0 PW, which is about half of the modern value. The underestimation is mainly due to his underestimation of the TOA net shortwave irradiance.
This period is characterized by the first theoretical developments in turbulence, which were necessary to obtain turbulent sensible and latent heat fluxes. It began with the introduction of the Richardson number (Richardson 1920) . The mixing length theory was proposed by Prandtl (1925) , and five years later, the quantification of the Prandtl's mixing length was achieved by von Kármán (1930) . Independent of these developments in Europe, a totally new and elegant method was proposed in the United States by Bowen (1926) for obtaining both turbulent fluxes, which circumvented the problem of calculating the turbulent exchange coefficients (Ohmura 1982) . Therefore, it was in 1930 when our community finally acquired the minimum set of theories and instruments necessary to evaluate all terms in the energy balance equation.
Development of theories and observational tech-
niques for global energy balance [Mesozoic of energy balance climatology] This is the period when our community developed advanced theories and instruments that enabled the execution of high-quality field experiments in various parts of the world. Technical progress in radiometers continued, and most notably an all-weather pyrradiometer was developed. Theoretical advances in radiation and turbulence enabled the first systematic calculation of irradiance, and sensible and latent heat fluxes with reasonable accuracy. Ultimately, this period saw the first global energy balance charted for all components by Budyko (1956) and London (1957) .
The weakest point in radiometry up to this period had been its inability to continuously measure terrestrial atmospheric radiation, as the sensors were not protected against adverse weather conditions. There were two possibilities for solving this problem. The sensor had to be protected (covered) with a filter that was either transparent only to terrestrial radiation of the wavelength range from 4 to 50 µm (pyrgeometry), or to both solar and terrestrial radiation from 0.3 to 50 µm (pyrradiometry). Rudolf W. Schulze developed a pyrradiometer whose sensor was covered with a polyethylene hemisphere (Schulze 1953 (Schulze , 1954 Suomi and Kuhn 1958; Funk 1959) . Hinzpeter (1961) made a detailed spectrometric study of polyethylene, and developed the computational scheme for the data reduction for pyrradiometers. Another important development was the introduction of the first international radiometric scale, the International Pyrheliometric Scale 1956 (IPS 1956 prior to the start of the International Geophysical Year (IGY 1957 (IGY -1958 . This attempt unified the Ångström scale in Europe and the Smithsonian scale in North America. By the end of the 1950s, the accuracy of pyrheliometers reached 0.2 %, while that of well-constructed pyranometers was1 to 2 % (Fröhlich and London 1986 ). The accuracy of terrestrial irradiance measurements by a pyrradiometer or a net radiometer was commonly 5 %, but could deteriorate to 9% (Abraham 1960) .
The methods for irradiance computation advanced steadily. First, the absorptivities of the three most influential gases, H 2 O, CO 2 , and O 3 were well established (Weber and Randall 1932; Baur and Philipps 1935; Adel and Lampland 1940; Yamamoto and Onishi 1949; Cowling 1950 ). The Schwarzschild equation was elegantly integrated by Baur and Philipps (1935) . Based on this development, at least four computational methods for terrestrial irradiance were developed (Elsasser 1942; Möller 1943; Robinson 1947; Robinson 1950; Yamamoto 1952) .
The prospect of the satellite age and the first successful launch of a meteorological satellite in 1959 stimulated the radiation community to search for possibilities to retrieve irradiances measured from the space. Although a number of preparatory works were made (King 1956; Greenfield and Kellogg 1960) , none were directly useful to obtain irradiances that could be used for climate research. The instruments were too inaccurate and the duration of the operations was too short. However, these exercises paved the way for the satellite application that became practical during the 1960s for evaluating the irradiances.
For the first time, both turbulent heat fluxes were measured in the atmosphere. Sverdrup (1935 Sverdrup ( , 1936 derived the logarithmic profiles for the wind, temperature, and humidity profiles based on the Prandtl and von Kármán hypotheses, which enabled him to calculate sensible and latent heat fluxes by the aerodynamic profile method. Although this was a great leap in surface heat flux measurement, the Sverdrup equations were applicable only for neutral stratification. Therefore, there was a fundamental inconsistency in this scheme, as sensible heat flux is zero in the neutral atmosphere. After this work, the effect of buoyancy force in a non-neutral boundary layer became the main theme of boundary layer meteorology for the following 40 years. Noted works were the formulation of the exchange coefficients for non-neutral conditions by Holzman (1943) and Thornthwaite and Kaser (1943) . They developed the stability corrected turbulent exchange coefficients with gradient Richardson number. Laikhtman (1944) and Deacon (1949) introduced the power law. Obukhov (1946) introduced the Obukhov length that measures the effect of gravity force on turbulent mixing. For a brief period, the problem of non-neutrality appeared to be solved with the appearance of the Monin-Obukhov similarity theory (Monin and Obukhov 1954) . As the applicability of their log-linear functions was found to be rather limited with respect to stability, the search for better and more universal functions started and continued into 1970s. A series of works in this area include Priestley (1954) , Swinbank (1955) and Ellison (1957) . Independently of Monin and Obukhov, Yamamoto (1959) proposed the theories of turbulent fluxes in non-neutral conditions by extending the Prandtl mixing length theory. Therefore, by the beginning of the IGY, and certainly by the end of 1950s, it became possible to measure sensible and latent heat fluxes with reasonable accuracy for a wide range of stability, based on the flux/gradient approximation.
With the publication of the first global maps of the distribution of energy fluxes, Budyko (1956) and his group at the Voiekov Main Geophysical Observatory not only charted the geographical distribution of energy sources and sinks but also made it possible to calculate the horizontal energy fluxes of the atmosphere and ocean. The geographic distributions of the fluxes are quite realistic. Since only this publication presents the methods for the flux calculations, which are also followed in a later, more substantial publication , a brief review of the calculation methods will be given. The methods are highly empirical. For example, the calculation of global solar radiation began with the monthly mean measured global irradiance under cloudless conditions, which was modified by clouds with empirical regression functions. The fundamental question as to how the solar radiation travels through the atmosphere was not asked. Obviously, the result was given priority, rather than the quest for understanding the processes. Similarly, for calculating turbulent fluxes, the gradient approximations were correlated against conventionally observed elements, such as one-level wind and temperature. The objective of Budyko's group was not to understand fundamental processes in climate, but rather the application, such as the explanation of hydrological cycles to promote agricultural production, and understanding diverse natural landscapes and environmental conditions in the Soviet Union.
The work by London (1957) sharply contrasts with Budyko's, primarily in the method. For calculating the global solar radiation, London started with TSI (solar constant) and the optical characteristics of the atmosphere for scattering and absorption. He introduced the concept of what we today call cloud-radiative sensitivity. By taking a physical approach, the entire calculation procedure became more transparent and reproducible. This method could also be used for assessing the effect of changes in the atmospheric constituencies to the climate, for example, the effect of greenhouse gas concentration or aerosol on climate.
Despite their pioneer status, both Budyko (1956 ) and London (1957) had a similar weakness, which was the underestimation of the absorption of solar radiation in the atmosphere. For Budyko, 16 % of the TOA solar irradiance was absorbed in the atmosphere. For London, it was 17.5 %. A review of the entire history of the energy balance, presented in Table 2 , illustrates that the underestimation of the atmospheric absorption of solar radiation already existed at the beginning of the 20th century. This underestimation was partly owing to an overestimation of the planetary albedo. Many researchers were influenced by the rather high values in earlier works. They relied too heavily on Neiburger's observed cloud albedo values (Neiburger 1949 ) (personal communication by Julius London in 1985 . Besides Neiburger's cloud albedo, the reported cloud albedo values from this time were too high (Fritz 1949; Fritz and MacDonalds 1951) . However, there is another cause for the underestimation of the solar absorption. In these works, the absorptivity by water vapor was too small. Many works until the end of 1950s used Fowle's H 2 O-absorption (Abbot and Fowle 1908) , which clearly underestimates the absorption of solar radiation. Up until present, the effect of the water vapor absorption on the radiation balance of the atmosphere and in GCMs remains unsettled (Bennartz and Lohmann 2001) . This was a state of knowledge at the advent of the IGY.
Energy balance climatology from 1961 to 1980
[Cenozoic, Tertiary of energy balance climatology] The state of knowledge in the 1960s is comparable to the present, except for the numerical accuracy aspect. This period started with abundant observational data from the IGY-activities. Satellite-based observations became useful for radiation climate. Computer-based simulations for energy flux calculations became increasingly realistic. The models ranged from 1-D detailed point simulation to the full 3-D GCMs. Basically, all necessary tools to advance energy balance climatology appeared. Some of them were not yet polished, but substantial experience was accumulated during this twenty-year period to be made use of in the 1980s.
a. Classic climatological calculations
In 1963, a revised world atlas of the energy balance was published by . This work is based on Budyko (1956) , supplemented by the observations that became available after the IGY. The atlas is one of the most complete presentations of the global energy balance with a focus on the earth's surface, comprised of monthly and annual maps of global solar radiation, radiation balance (net radiation), latent heat flux, sensible heat flux, and net ocean surface flux. There are three additional maps of only the annual total fluxes for TOA radiation balance, latent heat of condensation in the atmosphere, and divergence of horizontal heat flux in the atmosphere. In general, the fluxes over oceans are greatly improved in comparison with the earlier work (Budyko 1956 ). Except for an overestimated planetary albedo (0.33), other key components such as atmospheric absorption of solar radiation, surface global solar radiation, earth's surface albedo, and above all the terrestrial atmospheric radiation at the surface are more accurate than in many other works to follow in the next 40 years. This accuracy is primarily due to the methods adopted by Budyko and his school, relying on observed data that are of relatively high quality. This work represents a high point in the search for the global energy balance, based solely on classic climatological calculations. However, this work, which did not have the use of satellite observations and advanced model computations, exhibits significant errors for the TOA irradiances, and large regions were not covered, north of 70°N, south of 60°S, and high altitudes including the entire Tibetan Plateau. In these areas, satellite-based observations would soon become a powerful tool.
b. Fledging period of satellite-based radiometry (1) TOA radiation budget
The first application of satellites for climate research was in the determination of TOA irradiances. The fledging satellite community spent half a decade solving technical problems to obtain accurate irradiances starting with the first radiometry in space conducted by TIROS II launched in 1960 (Bandeen et al. 1961; Hanel and Wark 1961; Bignell 1961; Weinstein and Suomi 1961; Nordberg et al. 1962; Astling and Horn 1964; Bandeen et al. 1965; Cherrix and Sparkman 1965) .
One of the first satellite-based global radiation climatology covering all seasons was made by Bandeen et al. (1965) based on the analyses of TIROS satellites. A noteworthy shift introduced by satellites is a clear decrease in the planetary albedo. The annual mean albedo of 0.32, although still too large, was the smallest value yet proposed. The measured TOA terrestrial emission of 237 W m -2 is comparable to the present understanding, and was the largest proposed up to that time. Therefore, the results of the analyses of TIROS satellites tremendously improved the key terms of the radiation balance. The next step forward was brought about by Raschke (1968) . He charted global distributions of the planetary albedo, TOA emission, and TOA radiation balance with geographical details for two and a half months centered at the Northern Hemisphere summer solstice of 1966. Besides detailed global maps, this work presented quantitatively improved key fluxes comparable to the present understanding. In summary, he presented a planetary albedo of 0.30, solar atmosphere/surface absorption of 237 W m -2 , and terrestrial emission of 240 W m -2 . As the introduction of satellite technology initially introduced rather unsettled irradiances, the work by Raschke (1968) was unique in presenting what we consider today to be realistic TOA irradiances. This report also presents the computational procedures the author adopted to retrieve irradiances from the satellite signals. An abridged version of the work is available in a more accessible source by Raschke and Pasternak (1968) .
The summary of the TOA radiation budget observed by satellites during the 1960s was presented by Vonder Haar and Raschke (1972) , starting with experimental satellites and leading to Nimbus III. The mean budget of all available data to 1970 is identical to Raschke (1968) and Raschke and Pasternak (1968) . Therefore, by the end of the 1960s, the global mean state of the radiation budget at TOA became accurately known. The meridional distribution of the radiation budget was still left somewhat behind.
(2) Meridional distribution of TOA radiation balance A fundamental question in energy balance climatology is the meridional transport of energy that can be best evaluated from the TOA radiation balance. This theme was tackled earlier by Simpson (1928) based on climatological calculations of TOA radiation balance. Rasool and Prabhakara (1966) attempted to estimate the poleward heat flux by integrating the TOA radiation balance from TIROS VII data. This was the first satellite-based estimation of the poleward energy transport using a full year of observations. Unfortunately, the entire calculation of the poleward transport was very inaccurate in terms of both peak energy flux and the latitude of its appearance. Net energy transfer from the Northern Hemisphere to Southern Hemisphere at a rate of 1.9 TW was also unrealistic. However, the method used in this work was appropriate and many similar evaluations followed, using more advanced instruments especially on board ESSA and Nimbus satellites. The performance of these early satellites was summarized by Vonder Haar and Suomi (1971) . This is also the first paper presenting a realistic value of poleward total required energy transport based on satellites. Vonder Haar and Oort (1973) combined the satellite-derived TOA radiation balance with atmospheric and oceanographic observations to induce the most comprehensive total meridional energy flux and its two main components: atmospheric and oceanic energy fluxes.
As this work demonstrated, the satellite-based observations became extremely powerful when combined with other types of data, such as radiosondes, oceanographic profile stations, and other terrestrial observations (Oort 1971) . The most comprehensive work on the TOA radiation budget of the 1970s is Ellis and Vonder Haar (1976) . The TOA flux was compiled every 10º in latitude for each month and season. This work allows one to calculate the seasonal meridional energy transport. The entire summer hemisphere and the equator-ward of 10º of the winter hemisphere are shown to become a broad energy source region supplying total energy into the remaining area of the winter hemisphere in strong meridional flows. From an energy viewpoint, in summer and winter both hemispheres are connected in one circulation system. The authors were reserved in their conclusion due to the limited accuracy, and expressed hope for improved accuracy in the future, which was achieved during the main phase of Earth Radiation Budget Experiment (ERBE) in the following decade. 1978) , a plan to measure the solar constant (it was so called at that time) from a spacecraft had already existed in late 1950s after the first meteorological satellite, Explorer VII, was successfully launched. In fact, the direct measurement of the solar constant from the space was a top priority for the meteorological community. However, it failed to obtain an instrument platform on early satellites, being opposed by the solar physics community who insisted that measuring total solar radiation was of little scientific value unless it was spectrally measured. Therefore, it was nearly 10 years later in 1969 when the first measurement of TSI was made for 150 days on Mariner 6 and 7 (Plamondon 1969) . At that time, TSI was considered a "constant." Once successfully measured from the space, it was not planned to measure the solar constant on a longterm basis, until it was considered that there could be possible variations. It took almost ten years to re-start a project aimed at a long-term monitoring of TSI, resulting in five years of missing observation from 1969 to 1975. The TSI observation on a continuous basis was started with Earth Radiation Budget (ERB) experiments in 1978 (Willson 1984) , and have continued to the present day.
(4) Surface irradiances from satellite observations Although satellite-remote sensing was initially applied to the TOA irradiances, the application for the earth's surface had been planned from the beginning (Fritz et al. 1964) . Measuring the surface irradiances was a much more demanding task, as the entire atmospheric extinction processes had to be taken into account. Nevertheless, the first useful result of global solar irradiance with satellite data was presented towards the end of the 1970s (Ellis and Vonder Haar 1978; Raschke and Preuss 1979; Tarpley 1979 ). Raschke and Preuss (1979) have had a lasting influence on the radiation community, as they presented detailed information on the computational methods, and also separately presented their results for direct and diffuse radiation. The application of the satellite measurements for terrestrial radiation at the surface was delayed until 1980s (Darnell et al. 1983 ).
c. Progress in turbulent flux measurements
The 1960s and early 1970s are said to be the golden age of surface boundary layer research, with improved quality of sensible and latent heat flux measurements at the earth's surface. The development of flux measurements can be seen in two directions. One is the significant improvement in the theory of the boundary layer by the improvement of the Monin-Obukhov functions (Businger et al. 1971; Dyer 1967; Swinbank and Dyer 1968; Webb 1970) , while the other progress was the successful development of sonic anemometers that made the direct flux measurement possible. An important contribution was the mathematically correct integration of the MoninObukhov functions, which was discovered by Paulson (1970) . As the Monin-Obukhov functions are basically dimensionless gradients, the differentials must be integrated, so that the profiles can be measured with instruments to obtain fluxes. A review by Dyer (1974) is a good summary in the flux/gradient relationships that were achieved in 1960s. Two points must however be mentioned. In this series of works, the search for the turbulent exchange coefficients for stable conditions was not energetically conducted. Further, new formulae found after exhaustive field experiments were all described in terms of the Obukhov length ratio, which has at least two fluxes as independent variables. This point is serious, as the goal of energy balance climatology is to obtain these fluxes. Apart from these developments, the micrometeorology in the 1970s lacked creative new ideas. For example, all new formulations were presented as a function of the Obukhov length ratio without considering its theoretical meaning. Their reasoning was "it is now a common practice to discuss in terms of z/L (Obukhov length ratio)." This sort of conventionalism often neglects something important. The original study by Obukhov (1946) introducing the Obukhov length contained a conceptual error on the wind profile in a section of the derivation. When the error is corrected, the Obukhov length ratio, z/L becomes exactly the same as Flux Richardson number that was proposed a quarter century earlier. One is left with the feeling that something basic was missing in the boundary layer meteorology of 1970s. Considering this problem, the paper for stable boundary layer, which was formulated with the gradient Richardson number by Kondo et al. (1978) is unique and important for flux computations in models.
A new era began in flux measuring instrumentation in 1960s in a completely different area of micrometeorology. It was the development of a sonic anemometer (-thermometer) by Mitsuta (Mitsuta and Mizuma 1964; Mitsuta 1966) in 1963, and its successful commercialization by 1965 by Kaijodenki Co. Ltd. The appearance of this instrument made it possible to measure turbulent momentum and sensible fluxes, based on the eddy covariance method (Haugen et al. 1971) . A comparison of the flux-gradient method against the new eddy covariance method for momentum and sensible heat fluxes generally showed a good agreement within the instrumental errors (Miyake et al. 1970) . The direct measurement of latent heat flux by the eddy covariance method was not yet possible, as an accurate fast-response hygrometer was not available. With the 3-D sonic anemometers, the entire series of existing instruments for direct flux measurements, such as hot-wire anemometers, 3-D light weight propeller anemometers, thrust-anemometers, and the Pitot tube-based anemometers became obsolete (Yap et al. 1974) . Besides fundamental contribution to the turbulent flux measurements, the sonic anemometers have become indispensable for the study of turbulence structure (McBean 1970) .
d. Expansion of the field flux observations
Because of the awareness of the importance of energy balance especially for the surface, the decade of 1960s saw an abrupt increase in field measurements of energy balance, including such applied field as agriculture, hydrology, and civil engineering. The representative field experiments are presented below. They are only a small part of a vast number of experiments conducted in the 1960s: Lister (1962) on Ellesmere ice shelf; Ambach (1963) on Greenland ice sheet; Hanson and Rubin (1962) , Weller (1967) , Weller (1968) , Kuhn et al. (1977a) and Kuhn et al. (1977b) on Antarctic ice sheet; Andrews (1964) , and Havens (1964) on the ablation area and accumulation area of an Arctic valley glacier, respectively; Ambach and Hoinkes (1963) in the Alps; Ahrnsbrak (1968) , and Ohmura (1981) on the Canadian Arctic tundra; Häckel et al. (1970) in the Mt. Everest area; Cox and Hastenrath (1970) in the tropical Pacific; Duprienz (1964) in the equatorial Africa; Bryan (1962) Bøyum (1966) in the Northern Atlantic; Colón (1963) and Paulson et al. (1972) in the Caribbean Sea; Fritschen and Van Bavel (1962) , and Impens and Lemeur (1969) on agricultural fields; Gay and Knoerr (1970) and Fedorov et al. (1970) over forests; Bowne and Ball (1970) and Oke and Fuggle (1972) over urban areas.
The directly measured fluxes made a valuable contribution in testing early models (Gutowski et al. 1988) , offering basic data for radiation climatology (Chernigovskii and Marshunova 1965; Marshunova and Chernigovskii 1971; de Jong 1973) and also for hydrological research and water economy planning (Brutsaert 1982) .
The radiometric network was expanded in 1960s and 1970s, mostly succeeding the observational sites initiated for the IGY. Owing to the IGY a number of data centers were established that have been continuing until today with some reorganizations. These centers included the energy balance relevant objects, such as ozone and ultraviolet (Canada), radiation (Russia), and glaciology (U.S.A.). The role played by these centers in the progress of energy balance climatology of the last half-century is immeasurable. The quality of all instruments also made a rapid advance, especially in commercially available pyrheliometers and pyranometers (personal communication by Tom Kirk, Eppley Lab. in 2013). The observation method of the radiative effect of aerosol was also revolutionized (Nakajima et al. 1983 ). This development led the community to recognize the importance of aerosol as an atmospheric constituent that could be related to climate changes.
As a natural development of the accumulated information, several national and regional atlases of energy fluxes were compiled. Löf et al. (1966a, b ) is a set of refined monthly world maps of solar global radiation, showing more details than Budyko's maps. At the national level, the following atlases/maps were published, mainly based on measured fluxes: the global solar radiation for U.S.A. by Bennett (1965) , Mexico by Almanza and López (1978) , Greece by Katsoulis and Papachristopoulos (1978) , Saudi Arabia by Sabbagh et al. (1977) , North America including Canada by Bennett (1967) , South Africa and Namibia by South Africa Weather Bureau (1965), China by Zuo et al. (1963) and Zuo (1963) . The latter work by Zuo (1963) also contains radiation balance.
e. Energy balance in early climate models
At the beginning of 1960s, a new direction in energy balance research started. Manabe and Möller (1961) , Möller and Manabe (1961) , and Manabe and Strickler (1964) departed from the traditional objectives and working methods of previous energy balance treatments whose target had been the presentation of the accurate mean state of the energy balance of the earth. The earlier methods relied heavily on many prescribed conditions, such as temperature, humidity, and cloud. The above-mentioned three articles used temperature and cloud that were solved within the model under the radiative equilibrium condition, rather than prescribing them. The calculated energy fluxes under the equilibrium are realistic, resembling closely London (1957) . These works laid the basis for GCMs, many of which were later used to evaluate the consequences of the climate change induced by increasing concentrations of greenhouse gases in the coming decades.
Development since 1980 to the present [Quaternary of energy balance climatology]
The last 30 years since 1980 have been a relatively homogenous period with the best knowledge and methods available. The global energy balance was pursued with advanced laboratory and field experiments, increasingly accurate satellite observations, improved modeling capability supported by high-performance computers and the development of international cooperation. Behind all these developments are advances in radiometry and radiation spectrometry. The frequently used data bank of absorption bands/lines are combined with radiation transfer codes and made available in many radiation models, such as MODTRAN (MODerate resolution atmospheric TRANsmission), GEISA (Gestion et Etude des Informations Spectroscopiques Atmospheriques) and HITRAN (High Resolution Transmission). These models are continuously updated within the groups and through intermodel comparisons (Oreopoulos et al. 2012) . They are also used in irradiance retrieval computations of satellite radiometry. The radiation codes used in climate models are usually an extract from these detailed models. The satellite-based projects, ERBE (Earth Radiation Budget Experiment), ISCCP (International Satellite Cloud Climatology Project), CERES (Clouds and Earth Radiant Energy System), and SORCE (SOlar Radiation and Climate Experiment) have made unprecedented contributions to the earth's energy balance. Owing to them, the TOA fluxes are quite firmly grasped today.
This has been a time of progress in globally organized observations and data archiving efforts. The World Radiation Data Center (WRDC) increased its contributing sites to approximately 750. The stored fluxes have been expanded from the original global solar radiation and net radiation to include diffuse sky radiation and sunshine duration hours. In 1986, Global Energy Balance Archive (GEBA) was initiated by World Climate Programme (WCP) to computerize all instrumentally observed energy fluxes going back to the beginning of the 20th century ). The World Climate Research Programme (WCRP) started Baseline Surface Radiation Network (BSRN) in 1992, to observe all fields of radiation with an accuracy required for climate research. The active stations presently number 50, covering all major climatic zones from 80°N to 90° S. The data are frequently used for correcting climate models, satellite radiometry, and to detect important changes in radiation ). There was an unforeseen value of BSRN radiation data, which provided a better initialization at ECMWF (European Centre for Medium-Range Weather Forecasts), improving the quality of weather forecasts beyond the fifth day (personal communication by Jean-Jacques Morcrette in 1996). The estimated accuracy of the surface radiometry achieved by the mid-2000s is 0.5 % or 1.5 W m -2 for pyrheliometers, 2 % or 5 W m -2 for pyranometers, and 2 % or 3 W m -2 for pyrgeometers (McArthur 2005) .
Almost at the same time as BSRN started, several other networks with precision radiometry were initiated and made an invaluable contribution for improving our understanding of radiation climatology in the atmosphere and at the earth's surface. Notably the contributions by Atmospheric Radiation Measurement Program (ARM) (Ackerman and Stokes 2003) , AErosol RObotic NETwork (AERONET) (Holben et al. 1998) , and Surface Radiation Budget Monitoring (SURFRAD) (Augustine et al. 2000) should be mentioned.
Supported by the substantial material gained in this period, a few national and regional atlases of energy balance were compiled. Some examples are the solar radiation atlases for Europe (Greif and Schramer 2000) , radiation balance and its components for India (India Meteorol. Dept. 1985) ; radiation balance and its components for Tibet (Zeng et al. 1982) ; solar radiation for Africa (Raschke et al. 1991) ; and total energy balance for global ocean surfaces (Oberhuber 1988) .
The main results of the radiation balance climatology of the most recent period are summarized in the second half of Table 2 . Some selected contributions will be reviewed in the next section.
a. Accomplishments and five major problems in
Earth's radiation balance In 1980, Budyko published a comprehensive summary of energy balance. The global energy balance presented in this work (Budyko 1980) differs from that in his last publication (Budyko et al. 1988 ) and the difference is not trivial. According to Mikhail I. Budyko (personal communication in November, 1990) , his most recent publication is his best interpretation. Also, the length of a month used in Budyko's unit for fluxes is not the actual number of days in each month but 30.4 days. Further, the earth's surface albedo used by Budyko was not stated in Budyko (1980) , but was 0.14. Throughout his works, the planetary albedo he used decreased continuously, and the absorption of solar radiation in the atmosphere increased. Further, terrestrial incoming irradiance at the earth's surface increased. These have also been the trends of most works presented by the entire energy balance community. In Budyko's radiation climatology, TSI was small until the end of 1970s. In fact, for more than 100 years of TSI research history, it has been changing, causing great difficulty for the radiation community. The uncertainties of TSI, planetary albedo, atmospheric absorption of solar radiation, global solar radiation, and terrestrial incoming radiation at the earth's surface have not yet been settled, and present the most serious problem in the energy balance climatology. The causes of the uncertainties will be discussed in the following five sections.
(1) Total Solar Irradiance (TSI, or Solar Constant)
The experience in measuring TSI from spacecraft has matured greatly since it started in 1970s, and the accuracy reached ± 0.4% by the beginning of 1980s (Willson 1984) . The most accurate time series of the TSI measurement from space comprises 8 sets of radiometers with a lifetime of 8 to 10 years. Their variation of the multi-year means ranges from 1360.8 to 1372.5 W m -2 over the last 35 years, starting in November 1978. This large difference is considered to be due to the instrumental and interpretation differences. Therefore, it is worthwhile to review the recent history of the TSI determination that took place after a long break of observation in 1970s. The history of TSI is summarized in Table 4 . First, we witness the last surface-based TSI evaluation by Labs (1981, 1984) that had more than a 10 W m -2 uncertainty, and proved that the time of the ground-based TSI determination was over. The above-mentioned space-series began in 1978 with the Hickey-Frieden cavity radiometer of ERBE (Earth Radiation Budget Experiment; acronyms are explained in Table 4 ) on board Nimbus 7, which has been succeeded by seven experiments. By mid-2000s, the main features of TSI appeared well established with its mean value at around 1365-1366 W m -2 , with a clear 11-year period with an amplitude of 0.45 W m -2 (Fröhlich, 2006) . When SORCE with TIM instruments was launched in January 2003, the TSI value sent from the most advanced radiometer TIM was considerably lower than the conventionally accepted 1365-1366 W m -2 . The new value was 4 to 5 W m -2 lower, which in view of the precision known at that time, was a surprising difference (Butler et al. 2008) . The new value of 1361 W m -2 however gained fast acceptance. In early 2003, Claus Fröhlich was completing the second study of characteristics of the PMO series ACR in a vacuum chamber and discovered an error caused by the diaphragm overheating in PMO radiometers, giving an error of +4 W m -2 . The two independent information sources matched. The author believes that the new TSI, 1361 W m -2 , is very close to the truth. Besides this revision of TSI value, an important finding of the last 35 years is that the TSI on a longterm basis is very stable, even with a statistically insignificant decreasing trend. This finding underlines the statement that the present global warming is not due to an increase in TSI.
This history of the changing TSI, although inconvenient, is by no means a negative reflection on the TSI community. The quest for the accurate TSI has been the most important motivation for advancing radiometry, and has contributed greatly to the development of radiometers for other purposes. (Pouillet, 1838; Frölich, 1991) Langley (1884) 2051 Washington, D.C.
1884
Self-built bolometer, as quoted by Foitzik and Hinzpeter (1958) ; Later suggested by Abbot (1913) Drummond et al. (1968) 1360.6 Jet planes (12-15 km) and X-15 rocket (60-85 km) in IPS-1956 ; this overestimated value was used by many studies Labs and Neckel (1968) 1365.9 Ground, spectrometry at Jungfraujoch
1961-1964
Revision of Neckel (1967) Murcray et al. (1969) (2) Planetary albedo and TOA irradiances The previous statement that the earlier overestimation in the planetary albedo was mainly because of an overestimation of the cloud albedo needs further comment. The planetary albedo tended to be overestimated even before 1950, except for Hertz (1885) who made quite an accurate speculation. The author believes that the long-lasting tradition of overestimation was initiated by Abbot and Fowle (1908) and Aldrich (1919; c.f . Table 2 ) who measured cloud albedo from a tower on Mt. Wilson. Although the measurement was taken under various solar zenith angles, reflection was measured inevitably at large zenith angles. The mean cloud albedo (mostly Stratus) was presented as 0.66. Aldrich (1919) gave even larger cloud albedo of 0.78. These measurements were made on thick clouds. The works of the early 20th century often relied on these values, for example Alt (1929) , Simpson (1929) , Baur and Philipps (1934) and Albrecht (1949) . Although Junge (1937) published the results of his measurements from balloon flights, giving a much more variable nature of cloud albedo, his work was not used, presumably because it was written in German and the information exchange over the Atlantic at that time was very limited. Many works (e.g., Simpson 1929) used only total cloud amount for the calculation, which included all low, middle, and high clouds. Since middle and especially high clouds have considerably lower albedo, an overestimation of the reflection from clouds was inevitable. The long-lasting overestimation was corrected with the direct measurement of the planetary albedo by satellites, notably by Bandeen et al. (1965) . All satellite-based observations gave a planetary albedo between 0.29 and 0.32. The values obtained in recent years cluster around 0.30 with a semi-annual cycle with maxima in late May and early December, and minima in mid-March and early September with an amplitude of 0.01 (analysis based on 52 months data from February 1985 to May 1989 based on ERBS, NOAA9, and NOAA10, communicated from E.F. Harrison, Langley Research Center, NASA in 1996) . This trend was recently verified by Fasullo and Trenberth (2008a) based on the CERES data, who further identified that the source of this fluctuation is created by the ocean area.
Powerful SO 2 eruptions reaching the stratosphere, like El Chichon in 1982 and Mt. Pinatubo in 1991, caused an increase in planetary albedo of 0.015 for about two years (ISCCP D2). Since the variation of albedo of 0.01 is an irradiance equivalent of 3.4 W m -2 , the effect on climate is not negligible, if such eruptions occur frequently. Besides these short-term fluctuations, a substantial decrease in the TOA reflection in the North Polar region was reported by Hartmann and Ceppi (2013) . The reason for this decadal change was attributed to the decrease in sea-ice extent in late summer. Mainly owing to ERBE and CERES, the TOA net solar irradiance and Longwave outgoing irradiance became known within a narrow uncertainty range. TOA net radiation and Longwave outgoing irradiance published within the last five years cluster around 240 W m -2 , as the last five works in Group 2 in Table 2 indicate, and can be considered as reliable (Fasullo and Trenberth 2008a; Trenberth et al. 2009; Loeb et al. 2009; Ohmura 2012; Stephens et al. 2012; Wild et al. 2013 ). All these works adopted a combined method using satellite and model computations. In contrast, the TOA net solar irradiance and longwave outgoing irradiance simulated by GCMs and reproduced by re-analyses produced fluxes of a rather large variation. Especially large fluxes are due to NASA RA (Wild 2001 ) and JRA-25 (Berrisford et al. 2011) . These deviations are partly the consequence of underestimated planetary albedo. However, the deviations in longwave outgoing radiation are partly due to the overestimated transparency of the atmosphere in these models.
(3) Atmospheric absorption of solar radiation
The planetary albedo was not the only cause of the underestimation of the absorption of solar radiation in the atmosphere. With our present knowledge, the atmospheric absorption of solar radiation is almost as large as the earth's surface net radiation, and a more important heat source for the atmosphere than the condensation of water vapor. However, it is surprisingly poorly estimated at all times. Except for Hertz's speculative but impressively accurate estimate (81 W m -2 ), the estimated atmospheric absorption fluctuated between 29 and 96 W m -2 , clustering at around 70 W m -2 , with a recently increasing trend. In terms of per cent of the mean TOA irradiance (1/4 of TSI), the absorption ranged between 8 % and 28 %, clustering at around 20 %. The trend of the estimated absorption in per cent is also increasing recently. One of the first works suggesting the possibility of an underestimation came from the compilation of the surface global solar radiation (Ohmura and Gilgen 1993 ) that turned out to be much smaller than that in classic works like Houghton (1956) and London (1957) . The difference was too large to be explained by the corrected planetary albedo. There had to be more absorption within the atmosphere, which was then coined as the missing absorption. The first attempt to explain the missing absorption was made by Cess et al. (1995) , who attributed the missing absorption to clouds. The community of cloud physicists was surprised, as they were in the position to know the radiation budget of various clouds, and did not find any additional absorption in their experiments (personal communication by Syoji Asano in 1996). The possibility that the missing absorption might be due to an underestimation of the absorption by water vapor was first raised by Arking (1996) . This was indeed the main cause of the missing absorption. The spectroscopic measurement of the absorption by numerous gases advanced through 1980s (Quack 2011) , and by 1990 the absorption coefficient of water vapor (Tanner et al. in press) became known in great detail. All these advances were quickly adopted in radiation models. The radiation budget calculation based on MODTRAN5 gave a global mean atmospheric absorption of solar radiation of 96 W m -2 or 28 % of the TOA solar radiation (Ohmura 2006) . In this experiment, precipitable water vapor of the global mean, 25 mm, was used. The absorption by water vapor alone accounted for 70 W m -2 , more than the total atmospheric absorption in many publications (e.g., Peixoto and Oort 1992; Kiehl and Trenberth 1997) .
There is another completely independent method to estimate the total atmospheric absorption of solar radiation. The difference between the TOA and BOA net solar radiation must be the absorption in the atmosphere. TOA net solar radiation is 238 ± 3 W m -2 (mean of the satellite-based observations since ERBE and CERES). The earth's surface net solar radiation is estimated at 145 ± 5 W m -2 (Ohmura 2012) . The difference of TOA and BOA net solar radiation is 93 ± 6 W m -2 . The atmospheric absorption of solar radiation is at least in the order of 90 W m -2 . The difference from the traditional value is about 20 W m -2 . This enormous discrepancy must be explained.
It has been known that water vapor is the most important absorber of solar radiation and has been the subject of intense study in the hydrological cycle. IPCC Assessment Report 3 published the atmospheric absorption of 67 W m -2 (19.6 %), and even for Assessment Report 4, the upward correction was met with resistance, and it was not changed. In Assessment Report 5 just published, the absorption was raised to 79 W m -2 (23 %) after meeting staunch resistance against increasing the absorption rate. How could it be possible that the absorption by water vapor, the most important constituent of the atmosphere, is still unsolved?
The oldest work with a calculation of the absorption by gases (Abbot and Fowle, 1908) Houghton (1954) used absorption coefficients by Kimball (1930) , which were based on Fowle's laboratory work at the Smithsonian Institution. Kimball's transmission coefficients for water vapor were too large to cause the underestimation of the atmospheric water vapor absorption by 12 W m -2 . Mügge and Möller (1932) was based entirely on Fowl's laboratory works. The other often-used absorption schemes are those by Howard and his team at Ohio State University (Howard et al. 1956a; Howard et al. 1956b; Howard et al. 1956c; Howard et al. 1956d; Burch et al. 1956) and McDonald (1960) . The Howard scheme did not include water vapor α and 0.8μ bands, as their effect was considered to be too weak. The exclusion of these two bands causes an underestimation of 3 W m -2 for the global mean. McDonald, on the other hand, excluded the bands at the longer wavelength range, X, 3.3μ and 6.3μ bands. The combined effect of the three absorption bands is an underestimation of 9 W m -2 . There was an incorrect belief at that time that water vapor was not so important for absorption. Alt (1929) believed that water in the atmosphere was mostly bound on aerosol and that water in true gas phase was a minority. It is difficult for individuals with more realistic conclusions to present new findings when this kind of incorrect belief is prevalent in the scientific community. Before the publication of Kiehl and Trenberth (1997) , the atmospheric absorption in their Fig.  7 was much larger. However, the editor of the Bull. Am. Met. Soc. insisted that the absorption was unacceptably large and the authors were forced to cut the absorption for the manuscript to be accepted (personal communication by Jeff Kiehl in 1995) . From these episodes, one can conclude that the long-lasting underestimation of the atmospheric solar absorption could have been avoided, if the laboratory measurements of gas absorbance and field observations of solar radiation of high quality had been actively used.
(4) Errors in the surface solar irradiance
The traditional overestimation in the planetary albedo and the underestimation in water vapor absorp-tion caused a measurable error in earth's surface solar irradiance throughout the GCM history, including the recent versions of GCMs. At this stage, it is worthwhile to see how GCMs performed in simulating the solar radiation on the earth's surface during the last 30 years. In early 1990s, when the author tried to compare solar radiation from various GCMs against observations, most GCM-groups were not aware of the problems of irradiance simulations. Consequently, the global solar radiation output at the surface was often not saved during the experiments. At least absorbed solar radiation by the surface was available from seven teams. The GCM-simulated global mean absorbed annual global solar irradiance was as follows (Ohmura and Gilgen 1993) . The mean of the model simulation was larger than the observation by 31 W m -2 . Although these values are affected by surface albedos used in different models, more than 90 % of the absorbed surface radiation was determined by the scattering, reflecting, and absorbing processes in the atmosphere. The conclusion is 1) all GCMs overestimated surface solar irradiance and 2) the overestimation ranges from 20 to 40 W m -2 . Ideally, such a comparison should have been separately made for cloudless and cloudy conditions. No group stored such information separately, as an awareness of the need for testing the modeled radiation against the observation simply did not exist in early 1990s in the GCM community. Several years later during the Atmospheric Model Intercomparison Project (AMIP II for IPCC AR4) it became possible to compare annual mean global solar irradiance at the surface from 20 participating GCMs against 760 sites for which GEBA possessed data of good quality ). The mean performance of the GCMs was an overestimation by 9 W m -2 , with a range from underestimation by 9 W m -2 (MRI) to overestimation by 31 W m -2 (COLA) (Wild, 2005 (Ohmura and Raschke 2005; Wild et al. 2013 ).The models still overestimate solar irradiance at the surface, although the degree of the overestimation has been considerably reduced over the last 20 years. It is clear by now that the earlier evaluation of the atmospheric absorption of solar radiation was seriously underestimated, due to the underestimation of the absorption coefficient of water vapor. Further, a long-lasting but wrong belief in the scientific community also caused a delay in correcting an obvious and significant error for many decades. This problem has not yet been solved. Besides most GCMs discussed above, many satellite-based works are still plagued with overestimation problems (Greuell et al. 2013) . Therefore, it is wrong to try to verify the GCM-simulated solar radiation against the satellite-derived irradiances. At present, the best verification is available from the ground-based observations that are conducted by well-calibrated and maintained radiometers, and by qualified personnel.
One of the more important developments of this period is the discovery that the irradiances at the earth's surface change globally in decadal scales, which has been coined as global dimming and brightening (Ohmura and Lang 1989; Stanhill and Moreshet 1992; Liepert et al. 1994; Hayasaka et al. 2006) . The discovery of global dimming was made in 1988 (Ohmura and Lang 1989) based on the analysis of about 150 long-term radiation measurements made on the earth's surface by thermoelectric pyranometers and stored in the Global Energy Balance Archive (GEBA). The magnitude of the variation is not trivial, and relevant for climate changes. It ranged from 6 to 10 W m -2 over three decades. Much earlier there had been a feeling among some scientists that the irradiances could substantially change in decadal scales over a large area. The presentation in the form of publications was delayed by the widespread belief in the radiation community that irradiances were so stable that measurable variations were unlikely as formulated in Budyko (1971) .
The first detection of the long-term change of the surface global solar radiation from satellites was reported by Pinker et al. (2005) , and followed by Wong et al. (2006) , Hinkelman et al. (2009) and Hatzianastassiou et al. (2012) . The use of satellite data in this subject was a tremendous advantage in the analysis of global dimming and brightening, enabling one to chart the regional characteristics of radiation change in a hemispheric to global scale. The satellite data application also put an end to the supposition that global dimming could only be a local urban effect, and the majority of the earth's surface would be free of the decadal radiation change raised notably by Alpert and Kishcha (2008) .
The variation of this magnitude is not only restricted to solar radiation. The currently growing terrestrial incoming radiation is presented in the next section.
(5) Terrestrial incoming radiation Similar to the atmospheric absorption of solar radiation, the emission of terrestrial radiation to the earth's surface started with an underestimation, but increased throughout the 20 th century, as is summarized in Table 4 . Although it was Budyko's world atlas ) that presented the first realistic distribution and absolute values of the terrestrial incoming radiation (global mean of 342 W m -2 ), this work was not taken seriously and even misquoted (e.g., Sellers 1965) until London and Sasamori (1971) . The above results are the GCM-simulations of the present climate. The standalone GCM-radiation model comparison shows that the inter-model differences are not due to the differences in the model-generated atmosphere (temperature, humidity, and clouds), but due to the difference in radiation schemes. The models with smaller terrestrial incoming radiation have schemes with smaller absorption coefficients. One example is the difference between ECHAM3 and ECHAM4. The improvement by 9 W m -2 was caused by replacing the old water vapor continuum scheme with the CloughKneizys-Davies continuum formulation (Clough et al. 1989; Giorgetta and Wild 1995; Edwards and Slingo 1996) . A similar shift was reported with NCAR-CCM (Iacono et al. 2000) . Figure 1 presents an observed longitudinal distribution of the terrestrial incoming radiation, which was obtained in the BSRN and a limited number of high-quality measurements. The 17 red points in the figure indicate the sites near sea level. This figure clearly shows the underestimating tendency of this component in the past and also the present works. The likely global mean terrestrial incoming radiation lies between 340 and 345 W m -2 (Ohmura 2012; Wild et al. 2013) . Further, the blue points in the figure indicate annual irradiance at the interior and high altitude sites. The figure indicates the lapse rate of terrestrial atmospheric radiation of 3.1 W m -2 /100m, which is very close to that of the European Alps, 2.9 W m -2 /100m (Marty et al. 2002 ). An awareness of a model's deviation from the observations always provided the motivation to improve models. (Wild et al. 2013) . The mean of the nine models is about 340 W m -2 . Therefore, toward 2010, the GCM capability to simulate terrestrial radiation finally reached a realistic level. However, some models still suffer from traditional underestimation. An urgent need to correct the model radiation scheme exists, because the quality of the climate forecasts of the enhanced greenhouse effect depends on an accurate calculation of the solar and terrestrial irradiance. If the atmosphere is unnaturally transparent as is still the case in many models, the same amount of additional greenhouse gas will cause an erroneously large temperature rise, a situation the scientific community must avoid.
Terrestrial atmospheric radiation at the earth's surface was speculated to be increasing as a consequence of the enhanced greenhouse effect. Wild et al. (1998) is one of the first to document the past and the future increasing trend of the terrestrial atmospheric irradiance based on the GCM transient simulation. The subsequent transient experiment with ECHAM4 (Roeckner et al. 1999) for the period from 1860 to 2100 with IPCC scenario IS92a gave a projection of 2.3 and 1.5 W m -2 /decade for the greenhouse gas alone and the greenhouse gas plus aerosol change experiments, respectively, for the period from 1990 to 2050 (Wild and Ohmura 2004) . These rates are close to the mean value of 2.5 W m -2 , observed at the six longest BSRN stations for the period from 1992 to 2011 (Ohmura 2012 ). There were much earlier transient experiments, but the irradiance outputs were not saved for the transient verifications. The awareness of the importance of radiation in climate modeling was either too low to realize such verification need, or the modelers were so confident that it was considered unnecessary to check the accuracy of irradiance simulations. Ultimately, the in-situ high-quality observation of terrestrial atmospheric radiation will settle these problems.
Major progress has been made in recent years in the development of highly precise pyrgeometers, which can be made the first world standard for the measurement of terrestrial radiation. They are Sky-scanning Radiometer (SSR) developed by Philipona (2001) and Infrared Integrating Sphere Radiometer (IRIS) by Gröbner (2012) . The standard error of both absolute radiometers is estimated at 1 Wm -2 . These instruments will serve soon as the reference instruments for the present world standard group pyrgeometers. At last, the terrestrial atmospheric observation will acquire the international reference instruments 60 years after the definition of the international scale of solar radiation.
b. Present status of the non-radiative fluxes
The turbulent fluxes of sensible heat and latent heat of vaporization are measured by one of the following methods: 1) the flux/gradient approximation by the aerodynamic profile method that is incorporated in the Monin-Obukhov functions, 2) Bowen ratio-energy balance method which also requires profile measurements, but for which wind measurement is unnecessary, 3) energy balance-lysimeter method, and 4) direct measurements by the eddy covariance method. The methods 3) and 4) provide very accurate observations, but are difficult to include in models. The computation in climate models is usually based on one of the flux/gradient approximations (Method 1). The turbulent fluxes and sub-surface flux are also stored in GEBA for about 400 sites. Further, the continuous measurements of these fluxes are conducted at an increasing number of stations of FluxNet (Ameriflux: 13 sites in 5 nations; Asiaflux: 59 sites in 13 nations; and Euroflux: 17 sites in 10 nations). These sites have been measuring turbulent fluxes and solar and terrestrial irradiances since 1991. Since the number of the sites is still small, and the sites are located only on land, the observation data alone do not allow us to draw a global picture. They can be used to evaluate the model calculations. Figures 2 and 3 show an example of the performance evaluation of two GCMs for latent heat flux, and three GCMs for sensible heat flux. This examination indicated the best performance by ECHAM4, although this is by no means the newest model. The turbulent fluxes were calculated by Budyko (1956) with relatively crude formulae. He had great difficulty in obtaining the temperature and humidity differences at two levels, which were necessary to activate his formulae. Modern climate models calculate all necessary input data as the solution of the model. Especially for ocean surfaces and inaccessible areas in the polar and high-altitude regions, the model computation is the only practical solution for estimating turbulent fluxes. Satellites cannot contribute in this area. The historical development of the global mean sensible and latent heat fluxes is summarized in Table  3 . The artificial trend in irradiances was discussed in an earlier section. There is also a general artifact trend of increasing turbulent fluxes towards 1980s, which is caused by increasing surface net radiation. In turn, the increase in net radiation is a consequence of the improved terrestrial incoming radiation. This trend is positive, as the latent heat flux was definitely improved with time. There is an independent way to check to what extent the computed latent heat flux can be realistic. The water equivalent of the annual total latent heat flux should be very close to the annual total precipitation. Precipitation is measured at numerous stations on land, and measured over the ocean from satellites. At present, the most likely annual total global mean precipitation is estimated at between 1000 (Jaeger 1976 ) and 1123 mm (Legates and Willmott 1990) . Jaeger (1976) cautiously avoided applying a correction on measured precipitation, as the precipitation correction methods were judged unreliable. Jaeger's 1000 mm should be regarded as the lowest possible value (personal communication from Lutz Jaeger in 1979). As for Legates and Willmotts'1123 mm, Boris Sevruk sees a problem of over-correction (personal communication in 1995) .
The Global Precipitation Climatology Project (GPCP) was intended to produce the best information on this subject, as the missing precipitation measurements over the tropical ocean were to be supplemented by TMI (TRMM [Tropical Rainfall Measuring Mission] Microwave Imager). The first result from GPCP presented by Roads (2002) however was only 950 mm/a. This small value was surprising. The GPCP opinion was that the traditional estimation of the global precipitation was underestimated, as the classic precipitation climatology grossly underestimated the precipitation associated with the tropical front. This puzzling result was partly corrected by Bowman (2005) who pointed out the underestimation by TMI. Even for such an important subject as the global mean precipitation, the value differences among these leading works are tremendous.
The latent heat fluxes reported before 1980 are too small, and can be regarded as underestimations. Therefore, as the mean sensible and latent fluxes 18 W m -2 and 84 W m -2 (1080 mm w.e.) can be considered as good estimates at present. The works published between 1980 and 2013 mostly come very close to these values.
Present energy balance of the earth
Energy exchange on the earth's surface
As presented in the previous three sections, there is a wide range of the proposed global energy balance. The present section is dedicated to the annual mean surface fluxes produced in the control run of ECHAM4/T106 experiments that came closest to the observed fluxes stored in GEBA. For those interested in more detailed information, such as the seasonal fluxes, it is recommended to refer to Ohmura and Raschke (2005) . Figure 4a illustrates the distribution of annual global radiation, which resembles very closely Budyko (1980) . The largest solar irradiance is located in the Tropical Pacific of the Southern Hemisphere, where the extension of the Humboldt Current drifts westward leaving the west coast of Peru. An annual mean of 280 W m -2 is expected in this region. This is also the area of the largest energy intake by the ocean (c.f. 4f). Generally, the sunniest zones are seen at around 20ºN, S, on both sides of the Equator where solar irradiance is weaker by about 30 W m Figure 4c is net radiation (radiation balance). The global structure of the distribution of net radiation is dictated by terrestrial incoming radiation, while the regional details are influenced by solar radiation and surface albedo. The largest net radiation is found on the tropic oceans in the Southern Hemisphere, where solar radiation is large and the surface temperature is low, in the two equatorial regions, extensions of Humboldt Current, west of Peru, and Benguela Current, west of Namibia. The annual net radiation on the earth's surface is usually positive, but there are three regions of negative annual net radiation, most of Antarctica and Greenland and the Central Arctic Figure 4e is sensible heat flux. This flux has a relatively small magnitude especially over the ocean, since the other flux of latent heat takes most energy from net radiation. The largest upward flow is seen in the desert region of East Africa in the Northern Hemisphere (80 W m -2 ), and over the oceans, just east of the North American (over the Gulf Stream) and of the Eurasian continent (over Kuroshio). The largest downward sensible heat flux is seen on Antarctica, followed by the interior of Greenland. In these regions, there is no station with a long-term observation of sensible heat flux, except Summit, Greenland, where the annual mean is indeed 8 W m -2 downward. The global mean is 18 W m -2 upward. Figure 4f shows the ocean surface heat flux. Positive values mean downward flow, i.e., heat gain by the ocean. The largest gain for the ocean is seen near the Equator, off the west coasts of South America and Africa. This is the region of high solar radiation with colder surface temperature, owing to the Humboldt and Benguela currents. The strongest heat loss is located off the east coasts of New England and Japan, where particularly in winter the warm streams are swept by cold and dry continental outflows. ECHAM4/T106 experiment produced a small upward flow on the Arctic Ocean. Measurements of the ocean surface heat flux are rare. Treshnikov and Baranov (1973) obtained annual mean upward heat flow of 6 W m -2 at drifting stations "North Pole" on a multiyear ice floe. One full year observation at SHEBA tower site, in the Marginal Arctic Sea of Beaufort and Chukchi gave 4 W m -2 upward flow (Persson et al. 2002) . Vowinckel (1964) obtained 11 W m -2 upward flow through multi-year ice in the Central Arctic Ocean. Therefore, the mean heat flow on the Arctic Ocean is upward, supporting negative net radiation. According to Vowinckel (1964) , the heat flow through the second year ice is similar to that of multi-year ice. First year ice however has three times larger heat flow than that on multi-year ice. Heat flow through leads and new ice is three times larger than that on first year ice. Therefore, the ocean surface heat flux in the Arctic Basin is determined by the surface area of leads, new ice, and first year ice.
Based on the global distribution of the fluxes discussed above, a synthesis is presented in the next section.
Mean state of the energy balance of the earth
and a new awareness of non-equilibrium state From the above discussions in Sections 2-4, the following is considered to be the most likely condition of the present energy balance of the earth. The fluxes are presented by mean value followed by the range of uncertainty. The range of uncertainties in this section comprises two components, the observational (instrumental and data retrieval component) and the inter-projects differences of the period from 1980 to 2010. Therefore, it is larger than the uncertainty range held by individual projects or instruments (e.g., Wielicki et al. 2006; Fasullo and Trenberth 2008a) . The solar constant is 1361 ± 0.8 W m -2 with 0.45 W m -2 amplitude with an 11-year cycle. There is no -2 ) originates from cloud-free areas, and 78% (80 W m -2 ) from cloud-covered regions. Consequently, the absorbed solar radiation by the earth's atmosphere/surface system is 238 ± 5.5 W m -2 . The planetary emission by the earth is also 238 ± 9.5 W m -2 , and the storage rate is well under 1 W m -2 . The atmospheric absorption of solar radiation is considerably larger than that previously believed, and is estimated at between 93 ± 7.0 W m -2 . The mean solar irradiance at the earth's surface is 170 ± 14.5 W m -2 and it is 50 % of the TOA flux. At present, the earth's surface mean albedo is close to 0.15 (total reflection by the surface is 25 W m -2 ), but can soon change as the cryosphere is rapidly losing its surface area. This makes the net solar irradiance at the surface 145 ± 12.5 W m -2 . Incoming terrestrial irradiance at the surface is close to 345 ± 10.0 W m -2 , while the outgoing is 388 ± 2.5 W m -2 (equivalent surface temperature of 14.5°C). The earth's surface radiation balance is 102 ± 5.6 W m -2 and that of the atmosphere is -102 W m -2 . The transfer of the excessive energy from the surface to the atmosphere is made up of 18 ± 1 W m -2 by sensible heat and 84 ± 6 W m -2 by latent heat of evaporation/sublimation. This synthesis is graphically presented in Fig. 5 .
We can thank ERBE and CERES for the present understanding of the meridional energy transport. The meridional total required energy flux by Barkstrom et al. (1990) supplemented by Fassulo and Trenberth (2008b) is presently the best representation of this process with peak flux of 5.9 PW at 35° in both hemispheres with 0.3 to 0.5 PW uncertainty. The peak flux of the atmosphere in the latter work appears at the somewhat higher latitudes of 40° N and S. The ocean heat flux maxima are 1.7 PW (15° N) and 1.2 PW (11° S) for the Northern and Southern Hemispheres, respectively. The ocean poleward flux distribution is similar to that by Oberhuber (1988) to 30° S, but extended to the Antarctic coast. Further, Fassulo and Trenberth (2008b) presents the most detailed seasonal and land/ocean net transports. The important result is the net landward transport from oceans in winter, mainly in the form of water vapor. As the ocean of the winter hemisphere is the strongest evaporating surface, the land area is found to be the second largest condensation area after the Intertropical Convergence Zone that lies in the summer hemisphere across the Equator (Ohmura and Wild 2002) . However, the extent to which the seasonal sea ice growth and movement participate in the ocean heat transport remains to be seen. To evaluate the role of sea ice in ocean heat transport, the seasonal volume of sea ice must be accurately known, and this problem has yet to be tackled.
Recent contributions for global energy balance took a new direction to account for the imbalance, notably detected at TOA and in the ocean (Wielicki et al. 2005; Hansen et al. 2005; Levitus et al. 2009; Loeb et al. 2012) . When the climate change is in progress, the change in heat storage must be detected in TOA radiation imbalance. The detection of such an imbalance requires radiometric accuracy better than 1 W m -2 , which is the limit of the capability of present technology. However, it is the direction to which this branch of science must venture. Most climate changes are caused by changes in radiation. The Milankovitch theory on the ice age is an example of a major climate change being caused by changing solar radiation. On-going climate warming is another example of climate change caused by radiative variation, but in the terrestrial wavelength range. Detections of irradiance changes offer an important means for not only model verification but also supporting climate predictions.
Conclusion and reflection for the future
The main works on energy balance of the earth are critically reviewed. Energy balance climatology originated to view the energy conservation principle in the earth's climate system. It significantly contributed to understanding the characteristics of global and regional climates, and especially their causal processes. Energy balance occupies a substantial part in the GCMs and other climate models. The modeling and observational skills developed in energy balance climatology supported the parameterization of sub-grid processes in climate models. The global networks of precision radiometry and flux observations are providing essential information for validating and developing climate models. Much remains to be understood about the processes of solar radiation in the atmosphere.
The long-term precision observation of radiation is especially important. Precision radiometry is already capturing important changes in the environmental radiation, which facilitate climate forecasts, as most climate changes are caused by changes in radiation. Therefore, the main direction of the energy balance research should be shifted from the classic evaluation of mean status of the energy balance to detecting and simulating the decadal change in energy balance, to support climate prediction. This new goal can be achieved by intensified cooperation among workers in instrument development, observation, analysis, and climate modeling.
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